The objective of this study was to investigate the colour stability and lipid oxidation of beef under different packaging methods. The muscles longissimus lumborum were randomly packed in vacuum or modifi ed atmosphere packaging (MAP, 80% O 2 , 20% CO 2 ). Both packages were aged at 4°C for 7, 14 and 21 days. After each ageing time, samples were displayed in a refrigerator for 2, 4 and 6 days. Colour stability, lipid oxidation and their correlation were determined. Beef under vacuum packaging showed higher a* values on 7, 14, and 21 days of ageing and lower L* values on 14 and 21 days of ageing than beef in MAP (p<0.05). Lower a* values were observed in the samples packed in MAP, then displayed compared to samples packed in vacuum, then displayed after 21 days of ageing time on day 2, 4 and 6 of the display period (p<0.05). Thiobarbituric acid reactive substances (TBARS) increased signifi cantly in MAP compared to vacuum during 7, 14, and 21 days of ageing (p<0.05). An increase of TBARS was also observed during display after 14 and 21 days of ageing in samples packed in MAP, then displayed. Furthermore, a signifi cant difference (p<0.05) was observed between samples packed in MAP and vacuum in peroxide value on 14 days of ageing. Lipid oxidation was observed mainly in the samples packed in MAP compared to vacuum, and positively correlated with results on colour stability.
INTRODUCTION
One of the most important quality criteria that consumers look for when purchasing meat and meat products is colour. The change in meat colour from red to brown may be rejected by consumers as it appears to be unhealthy. As a result, meat discoloration leads to an important fi nancial loss to the retailer and the industry [Beriain et al., 2009] . Meat is full of muscles which contain myoglobin, the primary red pigment in meat [AMSA, 2012] . There are other proteins that play a role in beef colour, which are heme proteins known as haemoglobin and cytochrome C [Mancini & Hunt, 2005] . Many factors such as animal genetics, age, packaging methods, storage time, temperature, pH and the quantity of unsaturated fatty, affect meat colour [AMSA, 2012] .
During the storage and processing of foods, polyunsaturated fatty acid are subject to oxidation [Hęś, 2017] . Unsaturated fatty acids and oxygen involvement in lipid oxidation creates unstable intermediates that give an unpleasant fl avour and aroma compounds when breakdown [Akoh & Min, 2008] . Thus, lipid oxidation is one of the major phenomenon which leads to quality deterioration in muscle foods during storage [Akoh & Min, 2008] . Moreover, the interaction of lipid oxidation byproducts, such as malondialdehyde and 4-hydroxyl nonenal, with proteins and DNA may lead to biological damage [Li & Liu, 2012] . Colour and lipid oxidation are important factors for the consumer to accept fresh meat [Jakobsen & Bertelsen, 2000] .
Previously reported studies have focused on colour stability and packaging system [Jeong & Claus, 2010; Lindahl, 2011; Li et al., , 2014 Kang et al., 2014; Strydom & Hope-Jones, 2014] , to demonstrate that packaging methods greatly infl uence the meat colour. However, lipid oxidation and its effect on fresh meat colour have been another interesting issue which has extensively been researched on. For example, Jakobsen & Bertelsen [2000] developed mathematical models that describe the relationship between discolouration and lipid oxidation in beef, however their conclusions were limited because of biological differences between the animals. Vitale et al. [2014] evaluated the effects of ageing time in vacuum on colour and lipid oxidation of beef during display in MAP. Against this background and in view of the previous fi ndings, it is evident that improvement of meat colour can be considered as a challenge for meat scientists and the meat industry.
The objective of the present study was to determine the effect of beef lipid oxidation and colour stability under modifi ed atmosphere packaging (MAP, 80% O 2 , 20% CO 2 ) and vacuum package during ageing and display in refrigerator. 48 5.41 to 5.61) were collected locally from a slaughter plant. The samples were stored at 4°C wrapped with clean sterile polyethylene bags and transported immediately to the laboratory. The samples were cut into 2.5 cm thick slices, and randomly assigned to vacuum packaging or modifi ed atmosphere packaging (80% O 2 , 20% CO 2 ) at 48 h postmortem. The packed samples were stored at 4°C for 7, 14 and 21 days. After each storage day, the samples were opened from packages for colour analysis, then cut into one third and two thirds. The one third was vacuum packed and kept at -80°C for chemical analysis. The two thirds were overwrapped and then displayed in darkness in a refrigerator at 4°C for 2, 4 and 6 days for further colour analysis and kept at -80°C for chemical analysis.
Colour
Meat colour was measured using a Chroma meter (CR-400 Konica Minolta Sensing Inc., Osaka, Japan). Using the CIELAB system, coordinates L*(lightness), a* (redness), and b* (yellowness) were measured after calibrating the colour meter on a standard white plate (Y=93.9, x=0.3155, and y=0.3318). The average value of four measurements was recorded. After corresponding ageing time, the samples packed in vacuum and modifi ed atmosphere packaging were opened, wrapped with a fi lm on a plate and kept at 4°C in a refrigerator for colour measurement. Measurements were made directly on the meat surface after being displayed at day 2, 4 and 6.
Lipid oxidation

TBARS
Lipid oxidation was evaluated by the determination of thiobarbituric acid reactive substances (TBARS) using the extraction method as described by Botsoglou et al. [1994] and Marcos et al. [2007] with minor modifi cations. Triplicate 3 g samples were homogenised with 20 mL of ultrapure water. Five millilitres of 25% trichloroacetic acid were added to the homogenate and centrifuged at 4°C for 15 min at 10,000×g. The supernatant obtained was fi ltrated through a fi lter paper. The solution (3.5 mL of the extract) was pipetted into a test tube and 1.5 mL of 0.6% aqueous 2-thiobarbituric acid was added. The solution was kept in a water bath at 70°C for 30 min and then cooled in tap water for 10 min. The resulting colour was measured with the Spectra Max 340 PC (Molecular devices DANAHER) at 532 nm to calculate the TBARS value. The results were expressed as mg malondialdehyde/kg of meat.
Lipid extraction
Lipid extraction was performed according to Gheisari & Eskandari [2013] with some modifi cations. About 5 g of samples were weighed, minced, and homogenised with 50 mL of chloroform/methanol (2:1 v/v) for 1 min at 10,000 rpm.
A solution of 12.5 mL of 1 mmol/L of CaCl 2 was added to the sample tubes. Samples were centrifuged at 1000 rpm and 10°C for 20 min. The chloroform phase was dried by rotary evaporation. Chloroform/methanol 2×2 mL and 2 mL of CaCl 2 were added to the dried sample, vortex-mixed and put in test tubes, and centrifuged at 2500 rpm for 20 min. The lipid phase was removed, dried by nitrogen evaporator and weighed.
Peroxide value (PV)
The method described by Shantha & Decker [1994] , and Soyer et al. [2010] was used to determine the peroxide values. The extracted lipid samples (0.01-0.30 g) were mixed with 9.8 mL of chloroform-methanol (7+3, v/v) in a disposable glass tube and vortex-mixed for 2-4 s. An ammonium thiocyanate solution (0.05 mL) was added, and the sample was vortex-mixed for 2-4 s. an iron (II) solution (0.05 mL) was added and the sample was again vortex-mixed for 2-4 s. After 5 min of incubation at room temperature, the absorbance was measured at 500 nm against a blank that contained all the reagents except the sample using a spectrophotometer. The results were expressed in milli-equivalents of peroxide per kg of fat.
Statistical analysis
Statistical analysis was carried out with SPSS 19.0 statistics software. Independent T-test was done to analyse statistical differences between treatments. Data analysis of colour parameters, TBARS, and PV during ageing period and display period was performed using one-way ANOVA for comparison of means between packaging methods. The effect of ageing period, packaging type and interaction of those variables on colour and lipid oxidation parameters were analysed using ANOVA. The Pearson's linear correlation coeffi cient was applied to study the relationship between variables during ageing. Results were expressed by means ± standard deviation.
RESULTS
Colour
Results of instrumental measurements of colour parameters (L*, a*, and b*) made throughout ageing in each treatment are presented in Table 1 .The lowest L* values were found in vacuum-packed samples after ageing for 14 and 21 days (p<0.05) compared to the MAP-packed ones. It was further observed that L* values in both packaging methods were increasing as ageing time extended from 7 to 14 days (p<0.05). In addition, the samples packed in vacuum and MAP had higher L* values (p<0.05) after ageing for 14 days as compared to 7 days. The samples packed under vacuum had higher a* (p<0.05) values than MAP samples after ageing for 7, 14 and 21 days. The a* values of MAP samples were signifi cantly affected by ageing time from 7 to 21 days (p<0.05). Redness (a*) did not differ signifi cantly after 14 days of ageing compared to 21 days ageing (p>0.05) in the vacuum-packed samples. A signifi cant difference (p<0.05) was observed after ageing for 21 days on b* values in the samples packed in MAP compared to those packed in vacuum. The b* values were higher in MAP (p<0.05) than in vacuum-packed samples.
A signifi cant interaction was observed for colour parameters in which treatments and ageing period effects were studied (p<0.05). The effect of the interaction of treatments as well as ageing periods was observed on L*, a*, and b* values ( Table 2) .
Results of instrumental measurements of colour parameters (L*, a*, and b*) throughout the display period of beef samples packed in vacuum or MAP, then displayed after each ageing time are shown in Table 3 . There were no differences observed in L* values between the samples packed in vacuum or MAP, then displayed on day 2, 4 and 6 after 7 day of ageing (p>0.05). However, signifi cant differences (p<0.05) were observed in L* values on day 2, 4 and 6 of display time between the samples packed in MAP and vacuum, then displayed after day 21 of ageing. Signifi cant differences (p<0.05) were also found in L* values of the samples packed in vacuum, then displayed on day 2 of display time compared to day 6 of display after 7 days ageing.
Differences (p<0.05) in a* values were observed in the samples packed in MAP, then displayed compared to the samples packed in vacuum, then displayed after 7 days ageing time during day 2 of display time. The same trend of results (p<0.05) was found in the samples packed in MAP, then displayed compared to the samples packed in vacuum, then displayed after 14 days ageing time but during day 2 and 4 of display time.
Signifi cant differences in b* values (p<0.05) were observed in the samples packed in MAP, then displayed on day 6 of display time compared to the samples packed in vacuum, then displayed after 14 days of ageing. In addition, signifi cant differences (p<0.05) were noted in b* values within the two treatments after 21 days of ageing time on day 2, 4 and 6 of display time with higher b* values in the samples packed in MAP, and then displayed.
Lipid oxidation
TBARS and peroxide value were used in this study to determine the extent of lipid oxidation that occurred during ageing time and display.
TBARS
Results for TBARS values of the samples packed in MAP or vacuum for 7, 14 and 21 days of ageing and after display are presented in Table 4 . Before display, signifi cant differences (p<0.05) in TBARS were observed between the samples packed in MAP and vacuum after ageing for 7, 14 and 21 days. Results revealed that TBARS were the lowest (p<0.05) in vacuum compared to MAP samples during ageing. Signifi cant differences (p<0.05) in TBARS were observed among ageing times in vacuum. In MAP, differences were observed on day 7 of ageing compared to day 14 and 21 of ageing. No effect of interaction of the two-factor treatments and ageing was observed on TBARS values (p>0.05) while treatments as well as ageing periods had an effect on TBARS values (p<0.05).
There were signifi cant differences (p<0.05) between the samples packed in MAP and vacuum and then displayed in TBARS values after ageing for 14 and 21 days followed by display period. The TBARS values of the samples packed with both methods increased with an increase of ageing time.
Peroxide value (PV)
Results for peroxide values of the samples packed in MAP or vacuum for 7, 14 and 21 days of ageing and after display are shown in Table 4 . Before display, a signifi cant difference (p<0.05) was found in PV between the samples packed in MAP and vacuum after ageing for 14 days. A signifi cant difference (p<0.05) in PV was also noted during ageing time and after display in the samples packed in vacuum, then displayed. Results further revealed that PV mean values in the samples packed in MAP, then displayed increased signifi cantly (p<0.05) after 14 days of ageing. Any interaction of the two-factor treatments, and ageing was observed on PV values (p>0.05).
Correlation analysis
Pearson's coeffi cients of correlation determined between lipid oxidation parameters (TBARS, peroxides) and colour parameters in vacuum-and MAP-packed samples are shown in Table 5 . Signifi cant correlations (p<0.01) were found between lipid oxidation parameters mainly for TBARS and colour parameters with high correlations between TBARS and L*, a* and b* values in the samples packed in vacuum. Similarly, a signifi cant (p<0.05) correlation was found in MAP samples between TBARS and L*, a* values.
DISCUSSION
In the present study, L* values in both packaging methods increased as ageing time extended from 7 to 14 days. Furthermore, it was observed that meat aged in vacuum had lower L* values compared to meat aged in MAP during 14 and 21 days of ageing. This observation is in agreement with fi ndings of Insausti et al. [1999] who reported that beef packed under vacuum had lower L* value than that under modifi ed atmosphere (60% O 2 , 30% CO 2 and 10% N 2 ). In addition, Insausti et al. [1999] observed this effect as the storage time increased. Similar results on lower L* value u vacuum-packed beef were also pointed out by although in this case the storage time was short. Similarly, Kim et al. [2014] reported also an increase of L* values but in pork samples stored in MAP with 20 and 70% oxygen respectively while the vacuum-packed samples remained constant. In this study, as ageing time increased, it impacted the L* values which simultaneously increased in both packaging methods. This situation may be explained by the relative oxygen consumption of the meat during ageing. In a related study, Esmer et al. [2011] investigated the effects of modifi ed atmosphere gas compositions on colour properties (L*, a* and b* values) and found out that L* values were signifi cantly affected by the storage time. Ageing period and the interaction between treatments and ageing period had a signifi cant effect on a* values. Samples packed in vacuum were found to have higher a* values than samples packed in MAP after ageing for 7, 14 and 21 days. In addition, a* values stayed steadfast in vacuum after 14 and 21 days of ageing while in MAP they decreased signifi cantly after ageing for 7 to 21 days. The higher a* value registered in our study in vacuum packaging compared to MAP during ageing might be attributed to the rapid decrease of oxygen in MAP as ageing time increased. In fact, a higher oxygen content (80%) in MAP contributed to the oxygenation of myoglobin but in our study, after one-week storage, the sample packed in MAP became brown on the surface compared to the vacuum-packed sample. Our results are consistent with previous fi ndings of Kang et al. [2014] who reported on a rapidly decreased a* value in beef stored under MAP, with limited changes during storage in the beef packed under vacuum. High metmyoglobin percentage was also observed at the surface of meat packed under modifi ed atmosphere after 15 days of storage, together with the decrease that was observed in redness [Insausti et al., 1999] . These fi ndings are consistent with our results, which have been demonstrated by the decrease in a* value during ageing in MAP. Though, a high metmyoglobin percentage (brown colour at the surface of the meat) is related to the ageing time. However, Faustman et al. [2010] found out that the decrease in red colour was caused by oxidation of oxymyoglobin to metmyoglobin and lipid oxidation increases this phenomenon. Metal ions (iron, copper) could also stimulate the colour change through the formation of metmyoglobin under aerobic conditions [AMSA, 2012] . L*, a* and b* values were assessed to determine meat colour stability during display for 2, 4 and 6 days after 7,14 and 21 days of ageing in vacuum or MAP. It was observed that after 21 days of ageing, L* values signifi cantly changed during day 2, 4 and 6 of display period but remained higher in the samples ageing in MAP, then displayed compared to the one ageing in vacuum, then displayed. Once the samples were opened from packages and displayed in darkness, they were exposed to oxygen in the air. This exposure could be the possible explanation of the differences seen during display. In our study, it was observed that redness (a*) in colour was more stable in vacuum packaging during display. Our results are in agreement with those of Kim et al. [2010] who reported that a* values of steaks packaged in high oxygen MAP decreased rapidly after 9 days of display; whereas steaks packaged in vacuum had no signifi cant change in a* values during display. Findings from several studies have shown that the lower the oxygen (40%) is, the more the colour is fi ne for consumers [Zakrys et al., 2008; Zakry-Waliwanderal et al., 2009] . The b* values between samples ageing in vacuum, then displayed and in samples ageing in MAP, then displayed were signifi cantly different during day 2 of display after 7 days [2010] similarly found out that oxidation (measured as TBARS) was signifi cantly infl uenced by the duration of storage. In a related study, Ferioli et al. [2008] stated that the progressive increase in TBARS during storage as they saw in their study was a consequence of the fast peroxide formation and that it infl uenced the TBARS formation. In this study, no effect of interaction within treatment and ageing period was found on TBARS. However, we noted that oxidative stability was infl uenced by ageing as TBARS decreased with ageing. Packaging type also infl uenced TBARS values and it was more pronounced in MAP than in vacuum. The difference may partly be explained by the levels of oxygen within the two treatments at the beginning, and this was observed during ageing time. Our results are supported by fi ndings from previous studies [Kang et al., 2014; Zakrys et al., 2008] who reported that lipid oxidation increased with increase in oxygen levels in MAP. Nam et al. [2003] also reported the increase of lipid oxidation in aerobically stored turkey breast. The oxygen was the most critical factor infl uencing lipid oxidation during storage in this study. MAP packaged beef steaks had an increase in lipid oxidation during display based on the TBARS values after 14 days of ageing. Kim et al.
[2010] also reported that high oxygen MAP packed beef had an increase in lipid oxidation based on TBARS values during display in contrast to steak packed in vacuum which did not change during display time.
The peroxide value increased signifi cantly in this study in the samples packed in vacuum or MAP then displayed during the display period after different ageing time. However, PV remained low at all the ageing times and during display time. No interaction within treatment and ageing period was found on PV in this study. These results could be explained by the quick reaction of peroxides to form secondary byproducts. Olsen et al. [2005] also reported with respect to the peroxide value results from pork back fat, that hydroperoxides decomposed to secondary oxidation products at a faster rate than new hydroperoxides were formed. Nollet & Todra [2009] explained using the redox reaction that the use of hydroperoxides as an indicator of lipid oxidation is limited because of their transitory nature.
A Pearson correlation analysis was used to determine if there is any correlation between colour parameters and lipid oxidation parameters (TBARS, PV) during storage. Our results have demonstrated that signifi cant correlations between MAP-and vacuum-packed samples were found between colour parameters (L* and a* values) and lipid oxidation parameter (TBARS). This could be explained by the fact that TBARS values increased during storage while the colour stability -mainly refl ected by a* value -decreased. On the other hand, lipid oxidation has shown to infl uence colour stability.
CONCLUSIONS
The results of the present study indicate that colour attributes and lipid oxidation are infl uenced by packaging type, ageing and display time. Vacuum packaging has been found to maintain higher a* values which are related to redness during 7, 14, 21 days ageing compared to MAP but generally resulted in lower L* values. Furthermore, results have demonstrated that vacuum packaging preserves the colour stability better than MAP when displayed after different ageing times. Lastly, lipid oxidation has been found to be correlated with meat colour.
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